LacI is commonly used as a model to study the protein-DNA interaction and gene regulation. The headpiece of the lac-repressor (LacI) protein is an ideal system for investigation of nonspecific binding of the whole LacI protein to DNA. The hinge region of the headpiece has been known to play a key role in the specific binding of LacI to DNA, whereas its role in nonspecific binding process has not been elucidated. Here, we report the results of explicit solvent molecular dynamics simulation and continuum electrostatic calculations suggesting that the hinge region strengthens the nonspecific interaction, accounting for up to 50% of the micro-dissociation free energy of LacI from DNA. Consequently, the rate of microscopic dissociation of LacI from DNA is reduced by 2~3 orders of magnitude in the absence of the hinge region. We find the hinge region makes an important contribution to the electrostatic energy, the salt dependence of electrostatic energy, and the number of salt ions excluded from binding of the LacI-DNA complex.
Introduction
LacI, which controls gene expression of the proteins involved in lactose metabolism in enteric bacteria such as Escherichia coli, is commonly used as a model for DNA-binding proteins. LacI searches for its specific binding site among a huge number of nonspecific binding sites on DNA. Nonspecific binding is of paramount important because it can accelerate the searching process by facilitated diffusion (such as sliding, hopping along DNA) for the specific binding site. In the facilitated diffusion, the LacI binds nonspecifically to DNA [1] [2] [3] [4] [5] . The hinge region of the LacI has been reported to play a crucial role in the specific binding of the LacI and DNA [6] ; however, the factors that influence the nonspecific binding process have not been elucidated. Several early reports implied that the hinge region could also play an important function in nonspecific binding. Furini et al. [7] used the headpiece structure without the hinge region to study the nonspecific sliding of LacI along the major groove of the DNA. They found the free energy barrier for sliding to be about ca. 14.68 kT and the corresponding diffusion coefficient to be approximately 2.5×10 2 to 1×10 3 bp 2 /s, close to the lower limit of the experimental data [8] . On the other hand, Marklund et al. [9] used the headpiece structure with the hinge region to study the same sliding process. They found the energy barrier for sliding to be about 1.0 kT (fifteen folds lower than Furini et al.'s estimate [7] ) and the corresponding diffusion coefficient to be 1.23×10 6 bp 2 /s [9] , close to the upper limit of the experimental data [4, 8] ). Kalodimos et al. found that the hinge regionplays an important role in the transition from nonspecific to specific binding [10] . In the case of specific binding, the hinge region forms an α helix and embeds itself into the minor groove of the DNA fragment [10] [11] . In the nonspecific binding case, the hinge region is disordered and does not make contact with the DNA. Therefore, a complete assessment of the contribution of the hinge region to the nonspecific interaction between the LacI and DNA is needed. The LacI protein contains two DNA binding subunits. Each DNA binding subunit contains two monomers, each of which is composed of four distinct regions: the N-terminal DNA-binding domain (residues 1-46), the hinge domain (residues 47-62), the core domain (residues 63-340) and the C-terminal tetramerization domain (residues 341-357) [12] [13] . The DNA-binding domain and the hinge region form the headpiece of LacI (residues 1-62), which we hereafter denote as LacIΔ1-62. Due to the absence of the structure of the full-length LacI nonspecifically bound to DNA, the NMR structure of LacIΔ1-62 has been commonly used for computer simulation studies of LacI's nonspecific binding [6] [7] [9] [10] 14] . Biochemical studies have shown the LacIΔ1-62 protein, which contains a disulfide bond connecting the two protein monomers, to have similar binding affinity to DNA as the whole LacI complex [6] . Because of this high binding affinity and its relatively small size, the LacIΔ1-62 structure has been widely used for the studies of nonspecific interactions between LacI and DNA [6] [7] [9] [10] [14] [15] .
In order to elucidate the contribution of the hinge region to the nonspecific binding of LacIΔ1-62 to DNA, we used the NAMD [16] and the umbrella sampling technique [17] to compute the dissociation free energy of LacI from DNA with and without hinge region. Continuum electrostatic calculations [18] elucidated the electrostatic interaction between the hinge region and DNA and its dependence on the salt concentration. We also analyzed the hydrogen bonds between the hinge region and DNA over the course of the molecular dynamics (MD) [19] trajectory.
Results and Discussion
The conformation of nonspecific LacIΔ1-62/DNA complex Fig 1A shows the structure of the nonspecific LacIΔ1-62/DNA. The headpiece is divided into a structured region (residues 1-49) and an unstructured region (residues 50-62) by Kalodimos et al. [6] , who first provided the NMR structure of the nonspecific LacIΔ1-62/DNA complex. The structured region (residues 1-49) folds up into α helices and is deeply embedded in the major groove of the DNA and is directly in contact with the surface of the DNA. The unstructured region (residues 50-62) is disordered and connected by an S-S bond between two monomers (Fig 1B) . The binding of the LacIΔ1-62 to the nonspecific sequence does not induce α helix formation in the hinge region. This unstructured region forms an α helix when engaged in specific binding with DNA, while keeping a free state in the nonspecific complexes [10] . The diameter of the DNA double helix is ca. 2 nm, and the LacIΔ1-62 is embedded ca. 1 nm in the major groove of the DNA (Appendix C in S1 File). In our study, we deleted the unstructured region to investigate the interaction energy between the DNA and the LacI with or without the hinge region. As the structured region is mainly the DNA binding domain and the unstructured region is mainly the hinge region, we call the structured region the DNA binding domain and the unstructured region the hinge region in this study.
The contribution of the hinge region to the free energy for the microdissociation process
We calculated the free energy profile by using the structure of LacI with the hinge region and without the hinge region (LacIΔ1-62/DNA and LacIΔ1-49/DNA). Once the LacI has microdissociated from DNA, the LacI can rebind to the same DNA with some probability or it reaches a distance R c to achieve macro-dissociation state, where rebinding is uncorrelated to the microscopic dissociation event [9] . We defined the micro-dissociation state as that the PMF curve gets flat because of the screening effect of the salt ions. The PMF value at micro-dissociation state is set as zero, since the constant value only parallel displaces the whole curve, but does not change its shape. The initial simulation system of LacIΔ1-62/DNA is shown in Fig  2A. We built a LacI without the hinge region (LacIΔ1-49/DNA) as a comparison system to show the contribution of the hinge region in the LacI (Fig 2B) . The monomers in the LacI are connected by an S-S bond at residue 52 in the hinge region [6] . Simply deleting the hinge region will separate the two monomers from each other in MD simulation. Therefore, we kept the S-S bond between the two monomers and built a third simulation system of LacIΔ1-53/ DNA (Fig 2C) . We identified that both monomers dissociated away from the DNA simultaneously to roughly the same extent even if the two monomers were not connected by an S-S bond during the micro-dissociation process (Appendix D in S1 File). The free energy change for micro-dissociation can be calculated as:
where G unbound is the free energy of the micro-dissociation state, which corresponds to the maximum in the potential of mean force or the free energy (PMF) curve (Fig 2D) . G bound represents the state where the LacI closely binds to the DNA, which corresponds to the minimum in the PMF curve ( Fig 2D) . With the hinge region, the LacIΔ1-62 needs ca. 14 kT to micro-dissociate from the DNA. LacIΔ1-53 needs ca. 9.5 kT to micro-dissociate from the DNA. LacIΔ1-49 needs ca. 7 kT to micro-dissociate from the DNA (Fig 2D) . Without the hinge region, the free energy for micro-dissociation decreases by half. The hinge region not only affects the free energy for dissociation, but also the distance of micro-dissociation. We found that the radial distance of micro-dissociation decreased from 28 Å to 22 Å without the hinge region. Marklund et al. [9] used the Amber force field to calculate the PMF for dissociation of LacIΔ1-62/DNA system. They found that the LacI needed ca. 12 kT to dissociate from DNA at a radial distance of 28 Å [9] . Although we used a different force field for the MD simulation, we obtained a similar result (ca. 14 kT). There is a minimum at ca. 13 Å for all the three PMF curves. At the minimal point, the LacI is not in as close contact with the DNA major groove as in the NMR's structure. Givaty et al. [20] also found that transcription factors diffuse along DNA in loose complexes, but not in close contact with the DNA major groove using coarse-grained models.
The contribution of the hinge region to the electrostatic energy of the nonspecific LacIΔ1-62/DNA Since the LacI is stabilized on nonspecific DNA by electrostatic interaction and a highly organized H-bond network [10, 21] , we explored the contribution of the hinge region to the electrostatic energy between the LacIΔ1-62 and DNA and also studied the hydrogen bond between the hinge region and DNA. Experimental data [10, 22] show that salt ions decrease the association equilibrium constant K obs between the LacI and DNA. This is, reflected in the formula
where [M + ] is salt concentration, ΔG is the free energy for association, R is the gas constant, T is the temperature. At a fixed distance, the free energy depends only on the salt ion distribution [23] . Therefore, it is often assumed that
The electrostatic energy is a linear function of the log [salt], the experimental slope is
We also investigated salt dependence of hinge region on the free energy of the LacI/DNA. The radial distance between lacI and DNA is 11.45 Å, which corresponds to the closely binding LacI/DNA complex. The calculated @(ΔG el )/@(log[M + ]) for LacIΔ1-62/DNA was 21.51 ± 0.13 kT/M, which is roughly close to the experimental data. Without the hinge region, the @(ΔG el )/@(log[M + ]) for the LacIΔ1-49/DNA was 6.67 ± 0.76 kT/M (Fig 3A) . Therefore, the hinge region enhances the salt dependence of the free energy of the LacI/DNA. We also found that the counter ions released upon binding decreased without the hinge region. The number of counter ions released upon binding can be calculated from the slope of the salt dependence of electrostatic energy of the LacI with DNA according to Eqs S11-12 (Appendix B in S1 File). We found that 10.36 ions are released into solution when LacIΔ1-62 binds with DNA; and 3.29 ions are released into solution when LacIΔ1-49 binds with DNA. We also explored the ion atmosphere observed in MD simulations (Appendix F in S1 File). We calculated the charge of LacIΔ1-62 and DNA at neutral PH using pdb2pqr web server. The 18-base-pair nonspecific DNA fragment with protonation has -34 e negative net charges, the DNA binding domain has 0 e net charges, and the hinge region of the LacI shows +4 e positive net charges. The positive charges in the hinge region strongly interact with the negative charges of DNA. Therefore, the contribution of the hinge region to stabilize the LacI/DNA complexes is important and cannot be neglected.
We studied the electrostatic energy during the micro-dissociation of the LacI and DNA with and without the hinge region. The equations to calculate the electrostatic energy are shown in Eqs S1-10 (Appendix A in S1 File). Without the hinge region, the electrostatic interaction between the LacI/DNA is reduced, which is shown by an increase in the value of electrostatic energy in pure water (Fig 3B) . There is a maximal point between 13 Å and 14 Å in Fig 3B. This maximal point is the counterbalance of the increased coulombic energy and the decreased solvation energy (Appendix G in S1 File).
The hydrogen bonds between the hinge region and DNA in nonspecific LacIΔ1-62/DNA
We also studied the hydrogen bond between the hinge region and DNA with LacIΔ1-62/DNA system with unrestrained MD simulation after equilibration. The formation of a hydrogen bond is identified when the donor and acceptor atoms are closer together than 3.0 Å and the angle of donor-hydrogen-acceptor is between 150°and 180°. The average number of hydrogen bonds is 4±1.3. The possibility of hydrogen bond formation is larger than that with the number of hydrogen bonds as 3, 4 or 5 (Fig 4) . We also listed the top 3 occupancies for the hydrogen bonds in the hinge region and DNA. The highest occupancy ofthe hydrogen bond was between side N atom of ARG residue in the LacI and O atom of CYT in the DNA (Table 1) . Hydrogen bonds between the DNA binding domain and DNA are stronger than those between the hinge region and DNA. Furini et al. report that 8 hydrogen bonds can be formed between one monomer of the DNA binding domain (residues 1-46) and DNA with occupancies larger than 50% [7] , however, only 3 hydrogen bonds with occupancies larger than 50% are found between the two monomers of the hinge region and DNA. Therefore, the hydrogen bond between the hinge region and the DNA is not the main reason for the stabilization of the nonspecific LacI/DNA complex.
The LacI accelerates the search for its target on the DNA through facilitated diffusion [24] (e.g. one-dimensional sliding movement, hopping between adjacent binding positions, translocation between distant regions of the DNA). During the facilitated diffusion process, the LacI often micro-dissociates from the DNA to achieve an increased mobility. Based on the calculated free energy (Fig 2) during the micro-dissociation process of the LacI from the DNA, we discussed the influence of the hinge region on the micro-dissociation rate constant. The microdissociation rate constant is calculated through the integrals of the PMF curve in Fig 2. The equation for the micro-dissociation rate constant is as follows [9] : r 0 r ρ, ρ is the endpoint, and also the radial distance of micro-dissociation. The microscopic dissociation rate increases by 3 orders of magnitude if we delete the hinge region ( Table 2 ). The corresponding microscopic residence time decreases by 2~3 orders of magnitude without the hinge region. Herein the hinge region contributes to the micro-dissociation [6] showing the formation of a dimer is essential for the nonspecific binding of the LacI to DNA. Our result suggests that the hinge region stabilizes nonspecific LacIΔ1-62/DNA complex. The PMF curve is different from the curve of electrostatic energy during the micro-dissociation process. Especially, at a radial distance of 13 Å to 14 Å, the PMF curve shows a minimum value (Fig 2) , while the electrostatic energy curve shows a maximum value (Fig 3A and Appendix K in S1 File). The electrostatic energy is part of but not equal to the free energy. The nonelectrostatic interaction (for example, van der Waals' interaction and entropy) also contributes to the difference between the two. The calculation methods for the two energies are slightly different in their model and assumption. For example, in the calculation of electrostatic energy, water is treated as a simple dielectric medium and the effect of the relative motion and vibration of atoms is not considered; whereas in the calculation of free energy, the water molecules are represented explicitly in all-atom MD simulations and the relative motion of atoms is included. Nevertheless, both calculation methods are reliable and provide sufficient accurate description of the system [9, 22] . In this study, we keep the same conformation during the micro-dissociation process to keep the rigidity of the structure; meanwhile the specific effect of the hinge region is reflected by comparing the difference of electrostatic energy with or without hinge region. Summarizing: The electrostatic energy is merely part of the free energy and its value differs significantly from the free energy. Therefore, substituting the free energy by the electrostatic energy might lead to a considerable qualitative and quantitative error when determining the equilibrium configuration of the system, which should be calculated by free energy (the PMF).
We note that the finite duration of our simulations implies that some slow degrees of freedom will not have been fully sampled and the corresponding entropy is not reflected in our PMFs. In particular, the LacI protein did not explore the complete orientational space available in the umbrella sampling simulations in the micro-dissociation state. However, since the orientation was explored to quite similar extents for the three systems, the PMFs should be offset in the micro-dissociation region by the same constant. Similarly, the hinge is disordered with a very large configurational space that the umbrella sampling simulations have not sampled completely. However, the configurational entropic free energy due to the hinge region that the simulations could not sample can be expected to provide a nearly uniform offset since the hinge is unfolded not only in the micro-dissociation state, but also in the nonspecifically bound state.
Conclusion
In conclusion, we found that the hinge region plays an important role in the nonspecific binding of LacI to DNA. The hinge region forms an α helix and is embedded into the minor groove of DNA when the LacI binds specifically to DNA [10] . However, for nonspecific binding, although the hinge region keeps disordered and does not form an α helix, we found the hinge region contributes 50% to the stabilization of the LacIΔ1-62/DNA. Without the hinge region, the free energy for micro-dissociation of the LacI from DNA decreases from 14 kT to 7 kT, thus the microscopic dissociation rate increases ca. three orders of magnitude. The hinge region stabilized the LacIΔ1-62/DNA complex mainly through electrostatic interaction among protein, DNA and salt ions. Without the hinge region, the binding electrostatic energy increased by 23 kT and the number of salt ions excluded upon binding decreased from 10.36 to 3.29. Therefore, the hinge region should not be neglected in some cases, for example, if the micro-dissociation process is simulated. In our study, multiple computer simulation methods were used to show the broad influence of the hinge region on the nonspecific interaction. Our study helps to recognize the important role of the hinge region in stabilizing the nonspecific LacIΔ1-62/DNA complex.
Methods

Molecular models in the molecular dynamics simulation
The structure of the nonspecific LacIΔ1-62/DNA complex was taken from the PDB database (PDB ID is 1OSL) [10] . In this structure, the LacIΔ1-62 is composed of two monomers, which are connected via a disulfide bond of residue 52 in the hinge region. In this study, all the calculations on the LacIΔ1-62 refer to those of the dimer. The DNA fragment was extended from 18 to 30 nucleotides. The structure of the 12 nucleotides missing in the NMR data was added using the online tool 3D-DART [25] . The nucleotide sequences of DNA were TTATCGCGA TAAGATATCTTATCGCGATAA. In order to avoid the end-to-end aggregation of DNA fragments, an ester bond was defined between nucleotide 1 and nucleotide 30 of each strand in order to simulate the DNA molecule with periodic boundary conditions [26] . The system was solvated by water molecules of 68 Å × 88 Å × 99 Å volume. The molecular systems of LacIΔ1-49/DNA and LacIΔ1-53/DNA were built based on the molecular system of LacIΔ1-62/DNA. The residues 50-62 and residues 54-62 were deleted from LacIΔ1-62/DNA, respectively. The structure information file was generated using psfgen [27] . Protonation at neutral pH states was used for all of the amino acids. The N terminal and C terminal were acetylated and amidated, respectively. Counter ions (Na + ) were added to neutralize the system. These three systems were solvated in rectangular water box of 68 Å × 88 Å × 99 Å. Salt ions (Na + and Cl -)
were added until the salt concentration reached 0.2 M.
Molecular dynamics method
All the atomistic MD simulations were performed using NAMD 2.9 [16] and the CHARMM-36 all-atom force field with CMAP correction [28] . The TIP3P model and the SETTLE algorithm [29] were used for water molecules [30] . The time step was set to 2 fs and the coordinates were saved every 9.6 ps. Long-range electrostatic interactions were treated by the Particle Mesh Ewald (PME) algorithm with a grid density of about 1.2 Å per grid point [31] , and a 8 Å cutoff was used for short-range (non-bonded) interactions. The energy was first minimized by 2400 steps using the conjugate gradient method, followed by 2.19 ns NPT equilibration simulation. We proceeded with NVT production simulation after NPT equilibration simulation to keep the volume and density of the simulation system constant in all windows during umbrella sampling simulation. Langevin dynamics controlled the temperature at 298 K, using a strong damping factor (5.0 ps -1 ) during the NPT equilibration simulation and a weak damping factor (1.0 ps -1 ) during the NVT production simulations. Langevin pressure control was used to maintain a pressure of 1 bar, the piston period was 200 fs, and Langevin Piston Decay was 100 fs during the NPT equilibration simulation [32] [33] . 24 ns of unrestrained MD simulation was performed to analyze the hydrogen bond between the hinge region and the DNA in the nonspecific binding. We computed the potential of mean force (PMF) for the micro-dissociation [9] of the LacI with or without the hinge region from DNA using restrained MD simulation (the umbrella sampling technique) [17] and the weighted histogram analysis method (WHAM). The restrained MD simulation was performed on the backbone of the LacI and the DNA at a separating distance r during the micro-dissociation process of the LacI and the DNA. Every window was in a 0.5-Å interval of separating distance. We applied a harmonic spring of 10 kcalÁmol
control the distance of the mass center between the backbone atoms of the LacI and the backbone atoms of the DNA. For the LacIΔ1-62/DNA system, the separating distance was in the range of 11 Å <r< 33 Å; For the LacIΔ1-53/DNA system, the separating distance was in the range of 12 Å <r< 29 Å; For the LacIΔ1-49/DNA system, the separating distance was in the range of 12 Å <r< 31 Å. Harmonic restraints are applied on the backbone atoms of LacI and DNA to force the distance between the mass centers of LacI and DNA to be close to the target distance. We rotated the LacIΔ1-62/DNA complex (PDB ID is 1OSL) to align the axis of DNA with the Z axis (see the structure of the LacIΔ1-62/DNA complex after rotation Appendix C in S1 File). The initial conformations for every window were generated iteratively by pulling the protein away from the DNA in the radial direction of the DNA axis (achieved by shifting the coordinate of protein atoms in the positive direction of the Y axis manually), which was followed by minimization and 2.19-ns NPT equilibration simulation for every window. The temperature, volume, total energy and number of water molecules between LacI and DNA in the first and the last umbrella sampling window of LacIΔ1-62/DNA system are shown in Appendix H in S1 File during NPT simulation. Restrained MD simulation was run 7.68 ns for every window. The radial distance between the LacIand the DNA was saved every 1000 time steps. The PMF was extracted using WHAM after restrained MD simulation [34] . We did another 7.68-ns restrained MD simulation for every window to calculate the PMF curves to prove the reproducibility of PMF curve (Appendix I in S1 File). We have identified that sufficient overlap between windows has been achieved for the LacIΔ1-62/DNA and LacIΔ1-49/DNA simulation system (Appendix J in S1 File).
DelPhi calculation parameters and visualization of the molecular structure
The Y coordinates of LacI is shifted by Swiss-PdbViewer V3.7 software [35] [36] . Missing hydrogen atoms, in all complexes and free molecules, were fixed by using the pdbxyz.x and the xyzpdb.x modules of TINKER software [37] with Amber99 force field parameters [38] . We investigated the electrostatic energy using DelPhi software at the following salt concentrations: I = 0 M, 0.001 M, 0.005 M, 0.01 M, 0.05 M, 0.1 M, 0.2 M. The biomolecules and the surrounding solvent were mapped onto a lattice, in which the grid spacing was 0.5 Å/grids. We took the geometric center of the LacI as the lattice center. The percentage of lattice filled was 70%. The dielectric constants of the biomolecules and solvents were set as 4.0 and 80.0, respectively. The solvent probe radius was 1.4 Å. The dipolar boundary condition was used. The force field parameters for radii and partial charges were taken from the Amber force field [38] . The potential root mean square change (RMSC) threshold was 0.0001 kT/e. 
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